Introduction
============

Duchenne Muscular Dystrophy (DMD) is a lethal, X-chromosome linked muscle disease affecting about 1 in 3500-6000 boys worldwide (Reviewed in [@ref1] ^,^ [@ref2]). DMD is caused by the loss of functional dystrophin protein in muscle that results in increased necrosis and inflammation after muscle contraction[@ref3] [@ref4] ^,^ [@ref5] ^,^ [@ref6]. Repeated cycles of widespread myofibre necrosis and progressive failure of regeneration (with replacement of myofibres by fatty and fibrous connective tissue) lead to the loss of muscle mass and function in DMD boys, with premature death often due to respiratory or cardiac failure (Reviewed in [@ref1] ^,^ [@ref7]). There is no cure for DMD and the standard drug treatment for DMD, corticosteroids, are limited in their efficacy and are associated with severe side effects[@ref8]. Consequently, there is considerable interest in pharmacological interventions and nutritional supplementation as potential therapies to reduce disease severity (reviewed in [@ref9] ^,^ [@ref10] ^,^ [@ref11]).

Much DMD research utilises the adult mdx mouse model to test potential therapies. Whilst the adult mdx mouse has a very mild pathology, the juvenile mdx mouse undergoes an acute onset of severe myofibre necrosis, associated with many inflammatory cells (and subsequent myogenesis and new muscle formation) between 3 and 4 weeks of age[@ref12] ^,^ [@ref13]. Therefore, the capacity of a therapy to prevent necrosis of juvenile mdx muscles would be a rigorous test of the efficacy of a potential clinical treatment, especially considering that DMD first manifests in young growing boys.

We and others have shown that the amino acid taurine decreases inflammation and improves muscle strength in adult mdx mice[@ref14] ^,^ [@ref15] ^,^ [@ref16] ^,^ [@ref17]. Taurine is found in many tissues and is considered important for the function of skeletal muscle, where it modulates ion channel function, membrane stability and calcium homeostasis, as well as having anti-inflammatory and antioxidant properties[@ref18] ^,^ [@ref19] ^,^ [@ref20] ^,^ [@ref21] ^,^ [@ref22] ^,^ [@ref23]. The effect of taurine treatment on severe myofibre necrosis in juvenile mdx mice has not been investigated. One reason for this is that juvenile pre-weaned mice are not routinely available from some commercial suppliers of mdx mice: thus many pre-clinical studies are limited to interventions using older mice.

We have shown that prior to the onset of pathology (18 days), mdx mice are deficient in taurine[@ref24]. Mouse milk is very rich source of taurine, being the most abundant amino acid in mouse milk[@ref25]. From about 10-17 days of age mouse pups begin eating solid food, and milk production of the mother dramatically drops between 16 and 21 days[@ref26] ^,^ [@ref27]. Since standard mouse chow is almost devoid of taurine, we propose that weaning (and subsequent associated drop in taurine ingestion) leads to a taurine deficiency in juvenile mdx mice, which initiates muscle necrosis.

To investigate the proposed contribution of taurine deficiency to susceptibility of young growing mdx muscles to necrosis, juvenile mdx mice were given access to taurine enriched chow from 14 days until sampling at 22 days (after the initiation of myofibre necrosis). Quadriceps muscles from untreated and taurine treated mdx mice, and untreated control normal C57Bl/10Scsn (C57) mice were analysed for taurine content, myofibre necrosis and markers of inflammation (neutrophil elastase, myeloperoxidase (MPO) and the pro-inflammatory cytokine tumour necrosis factor \[TNF\]). Taurine treatment increased the taurine content of mdx quadriceps muscles, and resulted in a striking decrease in myofibre necrosis and inflammation, providing further support for taurine as a potential intervention for growing DMD boys.

Methods
=======

All reagents used were obtained from Sigma Aldrich unless otherwise specified.

**Animal procedures** All experiments were carried out on dystrophic mdx (C57Bl/10ScSnmdx/mdx) and non-dystrophic control C57 (C57Bl/10ScSn) mice (the parental strain for mdx). All mice were obtained from the Animal Resource Centre, Murdoch, Western Australia. Mice were maintained at the University of Western Australia on a 12-h light/dark cycle, under standard conditions, with free access to food and drinking water. All animal experiments were conducted in strict accordance with the guidelines of the National Health and Medical Research Council Code of practice for the care and use of animals for scientific purposes (2004), and the Animal Welfare act of Western Australia (2002), and were approved by the Animal Ethics committee at the University of Western Australia.

From 14 days of age, mice had access to soft chow, with taurine treated mice receiving 4% taurine in their chow. Each group contained n=8 pups, with approximately equal proportions of male and female pups (\~50:50). There was no observable difference between male and female mice. All mice were sacrificed at 22 days by cervical dislocation while under terminal anesthesia (2%v/v Attane isoflurane Bomac Australia). Quadriceps muscles were collected and immediately snap frozen in liquid nitrogen for biochemical analysis, or prepared for histology by immersing in 4% paraformaldehyde before possessing for paraffin histology.

**Taurine content of muscle** Taurine in muscle was measured using reverse phase high performance liquid chromatography (HPLC) as previously described[@ref28]. Frozen quadriceps muscles were crushed using a mortar and pestle under liquid nitrogen and homogenized in 25 times 5% TCA, and plasma samples were precipitated by addition of 10 times by weight of 5% TCA. After centrifugation, supernatants were removed and stored at -80°C before analysis. Analytes were separated using HPLC with fluorescent detection, with pre-column derivitisation with o-phthalaldehyde (OPA) and 2-mercaptoethanol (2ME). Supernatants were mixed with iodoacetamide, dissolved in 5% TCA, to a final concentration of 25 mM. An internal standard, o-phospho-dl-serine, dissolved in 5% TCA was added to a final concentration of 5 mM. Sodium borate was used to adjust the pH to 9. Samples were mixed on a sample loop with a derivatising solution containing 40 mM OPA and 160 mM 2ME in 100 mM sodium borate, pH 12, for 30 seconds before injection onto the column. Separation was achieved with a C18 column (5 µl, 4.6 x 150 mm, Phenomenex) using a Dionex Ultimate 3000 HPLC system. Mobile phase A consisted of 50 mM potassium phosphate buffer, methanol and tetrahydrofuran (94:3:3). Mobile phase B consisted of 90% methanol, with a gradient increase in B from 0 to 25%. Fluorescence was set at 360 nm and 455 nm for excitation and emission respectively. The protein content of muscle samples were quantified by solubilising the pellet in 0.5 M sodium hydroxide, before incubation at 80°C for 15 minutes. Once fully dissolved, protein concentrations of supernatants were quantified using a Bradford protein assay (Bio-Rad).

**Myofibre necrosis** Histological analysis was completed as per the TREAT-NMD recommended standard protocol "Histological measurements of dystrophic muscle - M.1.2_007" http://www.treat-nmd.eu/downloads/file/sops/dmd/MDX/DMD_M.1.2.007.pdf

Transverse muscle sections (5 μm) were cut through the mid-region of each quadriceps muscle on a Leica microtome, and sections were stained with Haematoxylin and Eosin (H&E) for morphological analysis.

Myofibre necrosis was identified as areas of myofibres with fragmented sarcoplasm and/or increased inflammatory cell infiltration, and was measured using non-overlapping tiled images of transverse muscle sections that provided a picture of the entire muscle cross section. Tiled digital images were captured at x10 magniﬁcation using a Nikon Eclipse Ti inverter microscope equipped with Nikon DS-Fi2 camera (Nikon Corporation). Analysis was performed blind, and areas of necrosis drawn manually by the researcher using Image Pro Plus 4.5.1 software.

**Neutrophil elastase and TNF content of muscle** Frozen quadriceps muscles were crushed using a mortar and pestle under liquid nitrogen and homogenized in ice-cold 1% NP40, 1 mM EDTA in phosphate buffered saline (PBS), supplemented with complete EDTA free protease inhibitor tablets and PhosSTOP phosphatase inhibitor tablets (Roche), and centrifuged. The protein concentration of supernatants was quantitated using the Detergent Compatible (DC) protein assay (Bio-Rad). Samples were resolved on 4-15% SDS-PAGE TGX gels (Bio-Rad) and transferred onto nitrocellulose membrane using a Trans Turbo Blot system (Bio-Rad). Immuno-blotting was performed on the same membrane with antibodies to neutrophil elastase (ab68672, Abcam), TNF (AB2148P, Chemicon), and glyceraldehyde 3-phosphate dehydrogenase (GAP, 14C10, Cell Signalling), all dissolved 1:1000 in 5% bovine serum albumin (BSA). HRP-conjugated secondary antibodies were from Thermo Fisher Scientific. Chemiluminescence signal was captured using the ChemiDoc MP Imaging System (Bio-Rad). Resultant images were quantified using ImageJ software[@ref29]. Glyceraldehyde 3-phosphate dehydrogenase loading controls were immunoblotted on the same membrane as immunoblotted proteins, and signals for neutrophil elastase and TNF were standardised to this loading control.

**Myeloperoxidase (MPO) content of muscle** The enzyme MPO catalyses the production of hypochlorous acid from hydrogen peroxide and chloride[@ref30] and hypochlorous acid reacts with 2-\[6-(4-aminophenoxy)-3-oxo-3H-xanthen-9-yl\]benzoic acid (APF) to form the highly fluorescent compound fluorescein, that is measured in this method, as per \[28\]. Briefly, frozen quadriceps muscles were ground using a mortar and pestle under liquid nitrogen and homogenised in 0.5% hexadecyltrimethylammonium bromide in PBS. Samples were centrifuged and supernatants diluted in PBS. Human MPO was used as the standard for the assay (Cayman Chemical). Aliquots of each experimental sample or MPO standard was pipetted into a 384 well plate, before the addition of APF working solution (20 µM APF \[Cayman Chemical\] and 20 µM hydrogen peroxide in PBS) was added. The plate was incubated at room temperature (protected from light) for 30 minutes, with the fluorescence being measured every minute using excitation at 485 nm and emission at 515-530 nm. The rate of change of fluorescence for each sample was compared to that of the standards and results were expressed per mg of protein, quantified using the DC protein assay (Bio-Rad).

**Statistics** Data were analysed using GraphPad Prism software. One-way ANOVA tests with post-hoc (LSD) comparisons were used to identify significant differences between experimental groups. Statistical significance was accepted at p\<0.05. All data are presented as mean ± SEM.

Results
=======

**Muscle taurine content** There was no significant difference between the taurine content of C57 and untreated mdx muscle at 22 days of age ([Fig. 1](#figure1){ref-type="fig"}). Taurine treatment of juvenile mdx mice for 8 days resulted in a 1.4 fold increase in muscle taurine content.

Fig. 1. Taurine content of C57, untreated mdx and taurine treated mdx quadriceps muscles, from mice aged 22 daysData are presented as mean ± SEM and n= 8 mice/group. Groups without a common letter are significantly (p\<0.05) different.Data are presented as mean ± SEM and n= 8 mice/group. Groups without a common letter are significantly (p\<0.05) different.

**Muscle necrosis** Myofibre necrosis was minimal in normal C57 quadriceps muscle, whereas myofibre necrosis was conspicuous and represented about \~17% of the cross-sectional area of the quadriceps in untreated mdx mice aged 22 days ([Fig. 2](#figure2){ref-type="fig"}). Taurine treatment of mdx mice significantly reduced (by 4 fold) myofibre necrosis (to \~5%) ([Fig. 2](#figure2){ref-type="fig"}).

Fig. 2. Myofibre necrosis in C57, untreated mdx and taurine treated mdx quadriceps muscle, from mice aged 22 days(A) Histological quantification of myofibre necrosis. Data are presented as mean ± SEM of percentage of cross section area (CSA) and n= 8 mice/group. Groups without a common letter are significantly (p\<0.05) different. Representative images of myofibre necrosis and histology of H&E stained muscle sections are shown for (B) untreated mdx (C) taurine treated mdx mice.(A) Histological quantification of myofibre necrosis. Data are presented as mean ± SEM of percentage of cross section area (CSA) and n= 8 mice/group. Groups without a common letter are significantly (p\<0.05) different. Representative images of myofibre necrosis and histology of H&E stained muscle sections are shown for (B) untreated mdx (C) taurine treated mdx mice.

**Muscle Inflammation** Neutrophil accumulation is a hallmark of acute inflammation, and we assessed the incidence of neutrophils by western blotting for the protein neutrophil elastase and by measuring the activity of MPO, an enzyme secreted by inflammatory cells (primarily by neutrophils) that facilitates their antimicrobial activity. Neutrophil elastase and MPO activity were 6.7 and 4 fold higher (respectively) in mdx compared to C57 muscle ([Fig. 3](#figure3){ref-type="fig"}). Taurine treatment of mdx mice reduced neutrophil elastase protein and MPO activity by 2.3 and 2 fold, respectively ([Fig. 3](#figure3){ref-type="fig"}): these reduced levels were not significantly different to those in normal C57 muscles ([Fig. 3](#figure3){ref-type="fig"}).

Fig. 3. Quantification of inflammation in C57, untreated mdx and taurine treated mdx quadriceps muscles, from mice aged 22 daysMeasurements are of (A) Neutrophil elastase, (B) MPO and (C) TNF. Data are presented as mean ± SEM and n= 8 mice/group. Groups without a common letter are significantly (p\<0.05) different. Representative blots are shown of neutrophil elastase, TNF and the loading control glyceraldehyde 3-phosphate dehydrogenase (GAP).Measurements are of (A) Neutrophil elastase, (B) MPO and (C) TNF. Data are presented as mean ± SEM and n= 8 mice/group. Groups without a common letter are significantly (p\<0.05) different. Representative blots are shown of neutrophil elastase, TNF and the loading control glyceraldehyde 3-phosphate dehydrogenase (GAP).

Protein levels of the pro-inflammatory cytokine TNF measured by western blotting ([Fig. 3C](#figure3){ref-type="fig"}) were 2.4 fold higher in mdx compared to C57 muscles. Taurine treatment of mdx mice resulted in a striking 2.4 fold reduction in muscle TNF content (compared with untreated mdx), to the same low levels as in C57 muscles ([Fig. 3C](#figure3){ref-type="fig"}).

Discussion
==========

Taurine administration to juvenile mdx mice from 14 days of age substantially increased muscle taurine content and greatly mitigated the severity of the acute onset of myofibre necrosis and prevented muscle inflammation at 22 days of age. These data are novel and provide strong support for the growing interest in taurine as a potential low cost clinical intervention to protect the muscles of growing DMD boys.

We have previously reported a taurine deficiency in young 18 day old mdx mice, prior to the acute onset of pathology, and this deficiency coincided with the time of weaning of pups from taurine rich milk to taurine poor chow: accordingly, we proposed that weaning (with subsequent drop in taurine ingestion) leads to a taurine deficiency in young mdx mice, which exacerbates muscle necrosis[@ref24]. However, by 22 days taurine levels in mdx mice have recovered to normal control C57 levels. These data are unclear in defining the role of taurine levels in onset of mdx pathology: this may relate to precise timing of changing taurine levels in growing mdx mice between 18-22 days, since the initiation of myofibre necrosis, that occurs just before 22 days, may be intensified by persistent prior taurine deficiency. Many other cellular and molecular factors that change around 21 days in growing mice may also contribute to the timing of acute onset of myonecrosis in dystrophic muscles, and factors to consider also include the impact of growth, increased mechanical activity and loading of juvenile muscles[@ref3] ^,^ [@ref31] ^,^ [@ref32].

The early administration of taurine to juvenile mdx mice decreased (compared with untreated mdx mice) and normalised to C57 levels 3 measures of inflammation in muscles at 22 days: neutrophil elastase, MPO activity and TNF content. Neutrophils, key cells involved in acute inflammation, are phagocytes responsible for generation of various pro-inflammatory mediators[@ref33]. After muscle injury, neutrophils rapidly invade the tissue to remove debris, however in doing so can exacerbate muscle damage[@ref34]. A fundamental mechanism of neutrophil mediated damage to muscle is the secretion of MPO, a heme enzyme that oxidises chloride in the presence of hydrogen peroxide to form the potent and damaging oxidant hypochlorous acid (HOCl)[@ref35]. The anti-inflammatory and antioxidant properties of taurine are attributed to its ability to react with hypochlorous acid to form the much less reactive molecule taurine chloramine which itself exerts anti-inflammatory effects such as inhibiting the production of pro-inflammatory cytokines, including TNF[@ref33].

Activated leucocytes such as neutrophils (as well as many other cell types including macrophages and muscle cells) produce TNF, and therefore TNF content of muscle is elevated after injury[@ref36]. TNF plays several important roles in inflammation such as activation and chemotaxis of leucocytes, and can itself stimulate muscle injury via NF-κB mediated protein degradation[@ref36] ^,^ [@ref37]. In the current study, these anti-inflammatory properties of taurine may contribute to the decreased inflammation in mdx muscle observed after taurine treatment. In the current study, these anti-inflammatory properties of taurine may contribute to the decreased inflammation observed in mdx muscle after taurine treatment. However the reduced inflammation might simply be a consequence of the reduction in muscle necrosis by taurine (due to another effect such as membrane stabilisation or calcium homeostasis). More experimental research is required to understand the exact mechanism for the benefits of taurine on dystropathology and the protection of juvenile mdx muscle from necrosis and inflammation.

To summarise, taurine treatment was very effective in mitigating the severe bout of necrosis and preventing inflammation in dystrophic muscles of juvenile mdx mice. This is an important observation, since interventions that can protect the vulnerable growing dystrophic myofibres from necrosis could help preserve muscle mass and function in young DMD boys. These novel data support continued preclinical research into the use of taurine as a promising clinical intervention for DMD.
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